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Survey method choice for wildlife management: the case of moose
Alces alces in Sweden
Johan Ma˚nsson, Cindy E. Hauser, Henrik Andre´n & Hugh P. Possingham
We need to monitor wildlife populations to determine whether management goals are achieved and to improve future
decisions. Therefore, it is important to evaluate the cost and accuracy of monitoring strategies in the context of
management. Using a computer simulation of a harvested population, we tested the relative performance of three
survey methods: aerial survey, pellet-group counts and hunters’ observations, to inform about the management of
Swedish mooseAlces alces populations.Where more than one survey method was used in a single year, we used Bayes’
theorem to combine information and estimate population size. We used two measures of performance: the fraction of
time in which the population had an ’undesirable’ size and inter-annual variation in harvest. Furthermore, we traded
these performance measures against their cost. An annual aerial survey was the most costly monitoring method
(27,000E) and maintained the population within the desired range 72% of the time. The least expensive monitoring
strategy (hunters’ observations; 1,600E) maintained the population within a desired range of 66% of the time. A
combination of two relatively inexpensive survey methods (i.e. pellet-group counts and hunters’ observations; at an
expense of 10,000E) maintained the population within the desired range in 76% of the simulated years. Thus, a
combination of annual pellet-group counts and hunters’ observations performed better than annual aerial surveys, but
was considerably less expensive. Furthermore, the annual combination of pellet-group counts and hunters’
observations also performed best regarding the inter-annual harvest variation. Management actions only maintained
the populationwithin the desired range 81%of the time, evenwhen population size was observedwithout error,mainly
due to variable net growth rates. In wildlife management systems, where a variety of monitoring methods are used, the
overall performance generally improves with monitoring expenditure, but very few studies explicitly account for
expenditure. However, our study shows that combinations of inexpensive methods can reduce monitoring costs
substantially while yielding an equal or an increased performance.
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Management of wildlife populations demands
reliable monitoring methods to provide feedback
onwhether or not goals are currently being achieved
and to ensure that goals will be met in the future.
This has prompted ecologists and managers to ask:
how reliable and accurate must our monitoring be
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to achieve our goals? How do we trade the cost of
monitoring against the cost of making a bad
management decision? Such questions apply to a
broad range of wildlife management problems from
conservation (Yokomizo et al. 2004, Chades et al.
2008) to invasive species control (Rout et al. 2009,
Hauser & McCarthy 2009) and harvesting (Gerber
et al. 2005, Hauser et al. 2006). The need for ac-
curate estimates of population size might depend
on the likely state of the population in relation to the
set goals; e.g. less accurate estimates of population
size (or indicators of population size) may be ac-
ceptable when a population is thought to be in a
desirable state and likely to remain so (Hauser et al.
2006).
To illustrate our trade-oﬀ approach to ﬁnding the
most appropriatemonitoring strategy in the context
of populationmanagement, we investigate a variety
of monitoring strategies (combinations of survey
methods) for amooseAlces alces population. Apart
from insights into the performance and cost of
combinations of diﬀerent surveymethodswithin the
management of moose, our study provides an ap-
proach to choosing the best monitoring strategy for
which several methods are available. We wonder
how useful it is, in methodological studies, to con-
sider the accuracy of monitoring methods without
simultaneously considering their cost and impact on
the management outcomes (see Bowden et al. 2000
for exception).
For large mammals, several survey methods have
been developed and used to estimate population
size, both by using indices and direct counts
(Caughley & Sinclair 1994). However, the methods
vary with respect to their accuracy (Timmerman
1974, Ericsson &Wallin 1999, Barnes 2001, Camp-
bell et al. 2004) and cost (Smits et al.1994, Campbell
et al. 2004, Garel et al. 2005). Aerial surveys are
frequently used for estimating population densities
and trends for large mammals (Timmerman 1974,
Jachmann 2002), but they make up an expensive
option (Ro¨nnega˚rd et al. 2008). Two cheaper
methods used to estimate large mammal popula-
tions are pellet-group counts (Neﬀ 1968) and direct
observations, e.g. made by hunters (Timmerman
1974, Haagenrud et al. 1987). These two methods
diﬀer from aerial surveys (where a reliable correc-
tion factor for sightability is available) in that they
result in an indirect measure of moose abundance;
i.e. an index of the number of animals. The
transformation from these indices to absolute
numbers is an additional step that increases the
potential error connected with the estimates (Neﬀ
1968, Andersen et al. 1992, Solberg & Sæther 1999).
Both linear and non-linear relationships have been
found between population size estimates from
pellet-group counts and other independentmethods
(Jordan et al. 1993, Mandujano & Gallina 1995,
McIntosh et al. 1995, Barnes 2001, Ro¨nnega˚rd et al.
2008). Direct observations using standardised pro-
tocols, e.g. hunters’ observations, have shown linear
relationships with animal densities estimated using
other survey methods (true population size in
enclosures; Vincent et al. 1996, or aerial survey;
Ericsson &Wallin 1999, cohort analyses; Solberg &
Sæther 1999, Ro¨nnega˚rd et al. 2008 and DNA-
capture mark recapture; Kindberg et al. 2009).
The moose harvest quotas in Sweden are deter-
mined annually at the county level for small hunting
areas (Wennberg DiGasper 2006) or as a 3-year
management plan determined by the landowners
and hunters within speciﬁc ’moose management
units’ (Wennberg DiGasper 2006). The costs and
beneﬁts of Swedish moose management include
damage to forestry (Lavsund et al. 2003), vehicle
collisions (Seiler 2003) and proﬁt from harvest
(Mattsson 1990). Therefore, a reasonable manage-
ment goal is to keep the moose population below an
upper limit to avoid costs, and above a lower limit to
maintain an acceptably large harvest.Given that the
harvesting quotas are driven by the population
estimate, the critical question is: which method(s)
should be used for monitoring so that harvesting
can maintain the population at an acceptable level
without excessive monitoring costs?
In our study, we used a simulation model of
regional moose population dynamics in Sweden,
parameterised with ﬁeld data, to evaluate the
management performance of diﬀerent monitoring
strategies. We used data from empirical surveys to
estimate the accuracy of the three survey methods:
aerial surveys, pellet-group counts and hunters’
observations.Weused diﬀerent combinations of the
three survey methods to predict the population size,
with some uncertainty, which in turn determines the
quota and, hence, the number of moose in the
stochastic simulation model. The performance of
eachmonitoring strategy was determined according
to two criteria: how often the population size is
within desirable limits and the inter-annual varia-
tion in harvest. Furthermore, we related manage-
ment performance to the monitoring costs, a factor
invariably ignored in the classical monitoring
literature.
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Material and methods
Moose management in Sweden
The management objective within Swedish moose
management is most often set in absolute numbers.
Post-hunting densities vary between 0.7 and 1.3
moose/km2 in most parts of Sweden (Lavsund et al.
2003). The primary objective in our study was to
maintain the post-hunting density at 1.0moose/km2
by regulating harvest. We considered a manage-
ment area of about 1,000 km2 and, thus, the target
population size is 1,000 individuals after harvesting.
This is actually much larger than the median moose
management area in Sweden (Wennberg DiGasper
2006), but the current policy for interest groups
involved in moose management is aiming at moose
management areas of at least 500 km2 (Anon. 2007).
Furthermore, Sylve´n (2000) proposed that hunters’
observations should be used in sampling areas
. 500 km2. Given the ﬂuctuations inherent in
moose population size, e.g. annual variation in
reproduction and survival, it is unrealistic to judge
management as successful only when there are
precisely 1,000 moose. Hence, we deﬁned popula-
tion sizes between 800 and 1,200 individuals to be
acceptable.
The exact population size cannot be known with
certainty, so we used a probability distribution to
describe which population sizes are plausible on the
basis of the current information. We used a com-
bination of aerial counts, pellet group counts and/or
hunters’ observations to derive the probability
distribution for the population size. We assessed
diﬀerent strategies for combining survey methods
by simulating the process of moose population
measurement, harvest and growth.
Measuring population size
In our study, we did not focus on hunting as the
management action, but on the variety of survey
methods available to the manager to determine the
annual harvest quota. Below we describe our mod-
els for converting survey data to a probability dis-
tribution for population size.
Aerial counts
A commonly used method in Sweden is to sample
plots of 2x2 km that are systematically distributed
and surveyed using helicopter; usually 25-30% of
the total area is surveyed. About 30% of the sample
plots are resampled to correct formoose sightability
(see methodology for aerial count in year 2006;
Ro¨nnega˚rd et al. 2008). We followed the prerequi-
sites for minimising the risk of undercounting bias
in aerial counts by e.g. only surveying large animals
one species at a time, use of helicopter and double-
counts techniques (Jachmann 2002).
The corrected mean number of moose/sampling
plotwas 4.73 (6 0.50SE),which corresponds to 1.18
(6 0.125 SE) moose/km2 (from an aerial survey in
2006 atGrimso¨; see alsoRo¨nnega˚rd et al. 2008). The
error (SE) includes both the measurement error of
sampling of moose and the measurement error of
the correction factor for sightability (73%). Thus,
the observed number of moose was corrected with
an estimated factor for sightability to obtain an
absolute estimate of the moose numbers. For a
population of 1,000 individuals, i.e. the target size,
this corresponds to a standard error of 106
individuals (Table 1). Hence, when we simulated
aerial surveys, we drew the estimated population
size from a normal probability distribution whose
mean is the true population size and a standard
error of 106 (see Table 1).
Pellet-group counts
Moose pellet groups are usually counted during
spring (late April - early May). Only pellet groups
from the previous winter are counted, and they are
aged by their appearance, colour and the position in
relation to leaf litter and old vegetation (Neﬀ 1968).
We assumed that pellet groups are countedwithin
Table 1. Properties of each survey method.
Aerial survey Pellet-group count Hunters’ observations
Sample size 84 3 4 km2 1,200 3 100 m2 1,575 hunters 3 days
Total cost (in E) 27,000 8,400 1,600
a - 0 0.2151
b - 3.66 3 10-4 2.96 3 10-4
rI - 0.05 0.0424
SE around population estimate 106a 125b 143b
a Taken from past aerial survey analysis at Grimso¨.
b Calculated as rI /b.
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1,200 plots (of 100 m2 each) distributed over the
management area (see Table 1). We calculated the
measurement error (SE) around these counts from a
systematically distributed pellet-group count con-
ducted around the Grimso¨ wildlife research area in
2006 (Ma˚nsson et al. 2007). The mean number of
pellet groups/plot was 0.4322 (6 0.043 SE), which
corresponded to a moose density of 1.18 (6 0.125
SE) moose/km2 estimated from an aerial survey in
the same year. This corresponds to a defecation rate
of 18.3 (6 2.8 SE) pellet groups/day assuming an
accumulation period of 200 days (i.e. during Oc-
tober-April, with a very low activity of vegetation
and decomposers).
Pellet-group counts are an indirect index of the
population size. To set a harvest quota each year, we
require an estimate of total population and, there-
fore, we need a method of converting pellet-group
counts into moose numbers. We must establish not
only the measurement error associated with pellet-
group counts, but also the relationship between this
index and the moose population size. Based on other
studies performed in areas comparable to the Grim-
so¨ wildlife research area, we assumed a linear rela-
tionship between observed pellet-group counts and
the best available estimation of population size (Ap-
pendix I) using: I¼a þ b N þ e, where I is the mean
number of moose pellet groups found within the 100
m2 plots, N is the moose population size (post-
harvest) within an area of 1,000 km2 and e is the
noise in the relationship, assumed to be normally
distributed with mean 0 and variance rI2. We es-
timated the model parameters a, b and rI from the
mean number of pellet groups/plot (0.4322) and the
density of moose around the Grimso¨ wildlife
research area in 2006 (1.18 moose/km2 from aerial
survey or 1,180 moose in a management area of
1,000 km2), assuming that a¼0 then b¼0.4322/1180
¼ 3.66 3 10-4 (see Table 1) and the correlation
coeﬃcient r ¼ 0.90 (Neﬀ 1968, Barnes 2001; see
Appendix I) within the range of 600-1,400 moose.
When pellet-group counts are simulated, we drew
the observed count from a normal distribution with
mean a þ b N and variance rI2.
When a manager observes the mean number of
pellet-groups found (I), he/she must convert it to a
probability distribution for likely population size.
Given the linear relationship we have assumed that
between pellet-group counts and moose population
size, it can be shown that an observed count I
generates a normal probability distribution for likely
population size, with mean (I - a)/b and variance
rI2/b2 (see Appendix II for derivation). The mean is
an intuitive rearrangement of the linear function, and
the variance takes into account both the measure-
ment error associated with observing pellet-group
counts and the noise in the relationship between the
pellet-group counts and the population size.
Hunters’ observations
During the ﬁrst week of the moose hunt, each
hunting team voluntarily records the number of
moose observed from selected hunting spots to
achieve an annual relative index of moose popula-
tion size (Ericsson &Wallin 1999). The hunters also
record the numbers of hunters each day (Ericsson&
Wallin 1999). In our study, we assumed that there
are 15 moose hunting teams with 15 members in
each teamwithin themanagement area generating a
sample size of 1,575 hunter days (see Table 1). We
estimated the model parameters a, b and rI using
data in Solberg & Sæther (1999; see Appendix I).
Like pellet-group counts, hunters’ observations are
an index for population size, and we used a linear
relationship between population size and the
number of moose observations/hunter day to
convert the index to a probability distribution for
population size (see Appendix I and Table 1).
Combining information from multiple surveys
To describe the likely population size each year, we
used the discrete probability distribution:
Pr(Nt¼ni), ni¼ 0, 50, 100, . . ., 8000, where Nt is
the true post-harvest population size in year t. The
probability distributions referred to above are
continuous, so we allocated probability to discrete
classes by setting boundaries on the classes (i.e. (0,
25), (25, 75), (75, 125), . . ., (7975,‘)) and integrating
the continuous distributions over the class limits.
When the relevant normal distribution allocated
probability to a negative population size, we ig-
nored it and renormalised the probability distribu-
tion over the non-negative classes.
Whenmore than one surveymethod is carried out
in a year, Bayes’ theorem can be used to combine
information in the following way:
PrðNt¼nijO1; O2Þ ¼ fðO2jNt ¼ niÞPrðNt ¼ nijO1Þ
K
for ni ¼ 0; 50; :::; 8000;
whereO1 andO2 are the observations obtained from
each surveymethod andK is a normalising constant
which ensures that
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X161
i¼1
PrðNt ¼ nijO1; O2Þ ¼ 1:
The order in which the monitoring methods are
used to update the distribution does not aﬀect the
ﬁnal probability distribution for likely population
size. If probability distributions derived from dif-
ferent approaches show consistent results, then be-
lief in the most likely values will be reinforced. If
there is disparity between the approaches, then the
weighting of each approach in the ﬁnal distribu-
tion will reﬂect the relative uncertainty (variance)
surrounding the mean.
An example of the combination of hunters’ ob-
servation and pellet-group counts to obtain a
probability distribution for population size is shown
in Figure 1. The underlying population has 800
individuals, which generates a mean pellet-group
count of 0.3291 groups/plot and hunter observa-
tions of 0.4440 individuals/hunting day. In isola-
tion, the pellet-group count would predict an
expected population size of 899 individuals with a
standard deviation of 137, whereas the hunters’
observations would predict an expected population
size of 773 individuals with a standard deviation of
143. Combined, they predict an expected popula-
tion size of 839 individuals with a standard
deviation of 99. While the combined measure
overestimates the actual population size, it has a
higher precision than can be generated from either
survey method on its own.
Monitoring costs
The costs for the three survey methods were
estimated from ﬁeld work conducted around the
Grimso¨ research area during 2004-2006 (Ma˚nsson
et al. 2007, Ro¨nnega˚rd et al. 2008). The total costs
for the aerial count was about 27,000E, for pellet
counts 8,400E and for hunters’ observations 1,600E
(Table 2).
The population model
In order to assess our monitoring strategies over
time, we simulated the underlying moose popula-
tion dynamics as well as the manager’s decisions.
Thus, we used a stochastic population model to
describe changes in the post-harvest population size
Figure 1. An example of combining pellet-group counts and
hunters’ observations to measure the likely population size. The
true underlying population size is 800 individuals (indicated by the
vertical line), and a mean pellet-group count of 0.3291 groups/plot
gives an expected population size of 899 individuals with a standard
deviation of 137 (thin solid line), and hunters’ observations of
0.4440 (moose/hunter days) gives an expected population size of
773 individuals with a standard deviation of 143 (dashed line). The
combined distribution has a mean of 839 individuals and a
standard deviation of 99 (thick solid line).
Table 2. Detailed breakdown of estimated costs (in E) during the three field surveys.
Aerial count Pellet-group count Hunters’ observation
Time
in hours Costs
Time
in hours Costs
Time
in hours Costs
Helicopter 70 plots * 35 14,200 1200 plots 240 6,000¤ Distribution of
survey forms
- 100
Helicopter 21 plots ** 11 4,500 Travel ¤¤ - 1,000¤¤
Helicopter ferry *** 12 4,800
Labour field assistant 80 2,000
Data entry and analysis 60 1,500 Data entry and
analysis
60 1,500 Data entry and
analysis
60 1,500
* 28% of total area surveyed;
** 30% resampling of surveyed plots;
*** Transportation of helicopter and pilot to study area;
¤ Labour field assistants;
¤¤ Transportation by car between sample plots during field work.
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from year to year:
Ntþ1 ¼ Nt3 kt - Ht ð1Þ;
where kt is the growth rate (varying stochastically
see below) in year t, and Ht is the number of moose
harvested in year t. We characterised the annual
population growth rate using two long-term studies,
and calculated it annually as the ratio of the pre-
harvest population size and the post-harvest pop-
ulation size from the previous year. Over 33 years
the moose population in the Grimso¨ wildlife
research area in Sweden had a mean growth rate
of lk¼1.42 and a standard deviation of rk¼ 0.097
(Ro¨nnega˚rd et al. 2008). Over 27 years in Nordland
in Norway, the mean growth rate was lk¼1.39 and
the standard deviation rk¼0.10 (Solberg & Sæther
1999). Both moose populations were strongly
aﬀected by hunting, e.g. causing a skewed sex-ratio
(Milner et al. 2007). The mean harvest rates were
0.37 and 0.34 for the Grimso¨ and Nordland pop-
ulations, respectively, and. 90%of themortality in
adults was due to hunting (Solberg & Sæther 1999,
Ro¨nnega˚rd et al. 2008). Furthermore, there were no
predators present during the study period. The high
proportion of females and the lack of predators
increased the mean growth rates compared to a
population in which random hunting strategies are
applied and inwhich natural predators are available
(Milner et al. 2007). The two populations showed
similar growth rates as found in other Scandinavian
populations (Stubsjøen et al. 2000, Gaillard 2007).
Analyses of the data showed little evidence of
density dependence (r ¼ 0.20, P ¼ 0.34 for the
Norway data, and r¼0.14, P¼0.45 for the Grimso¨
data), though the growth rate may be inﬂuenced by
winter snow depth and summer temperature (Sol-
berg et al. 1999). We assumed that the annual
growth rates fkt, t¼0, 1, . . .gwere independent and
identically distributed normal random variables
with a mean of lk¼1.4 and a standard deviation of
rk¼ 0.1.
Moose harvest
We assumed that the managers used a proportional
threshold harvest strategy. Our intention was to
maintain the population within the acceptable
range of sizes (between 800 and 1,200):
Ht ¼
0; if N¯t  400
0:7ðlk -1Þ N¯t; if 400, N¯t, 800
ðlk -1Þ N¯t; if 800  N¯t  1200
1:3ðlk -1Þ N¯t; if N¯t.1200: ð2Þ;
8
>><
>:
where N¯t is the estimated moose population size in
year t (themeanof the probability distribution). The
harvest strategy attempts to remove the expected
net increase in the population in year t, when the
population size is within the acceptable bounds.
When the population is estimated to be unaccept-
ably high, the harvest is increased, and the harvest
rate is decreasedwhen the population is estimated to
be unacceptably low. If the expected population size
is below 400 individuals, then no harvest takes
place. This is broadly how moose have been har-
vested over the last 30 years in Scandinavia (Lav-
sund et al. 2003). Finally, we assumed that the entire
quota is successfully taken, remembering that the
quota will be set by inaccurate estimates of the real
number.
Simulated moose management
The structure of our simulated moose management
and dynamics is outlined in Figure 2. Across
diﬀerent runs, we tested diﬀerent combinations of
surveymethods (Table 3). The ﬁrst strategy is not to
monitor at all, but to harvest 400 individuals an-
nually. This harvest quota is the deterministic
maximum sustainable yield for a population of
1,000 moose and would maintain the population at
this target level in the absence ofmeasurement error
and variability in growth rate. The second strategy
assumes perfect knowledge of themoose population
size after the hunting period has ﬁnished and before
reproduction (February-May). This provides an
upper bound on performance for all other moni-
toring strategies. It is not possible to maintain the
population at 1,000 individuals even when the
population size is known perfectly in February-
May, due to the variability in the moose population
growth rate. Strategies 3-8 are ﬁxed combinations of
survey methods to be conducted over time. Strat-
egies 9-11 are state dependent; i.e. the survey
methods used each year depend on the predicted
population size and its relationship to the objective.
In each case, the manager chooses a low-reliability
survey method when the population is expected to
be within the accepted bounds, since there is a low
risk of an unacceptable population size next year.
When the population size is thought to be unac-
ceptably small or large, then amore accurate survey
method is selected to ensure that an appropriate
harvest quota is set, thusmaximising the probability
of an acceptable population size in the future.
For each monitoring strategy, we constructed 500
independent simulations. Each run represents 20
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years of moose management, simulating the actual
moose population dynamics as well as the imperfect
observations and decisions made by the manager.
At the beginning of each run, the actual moose pop-
ulation size is set to 1,000 individuals (see Fig. 2).
After this initialisation, the survey method is chosen
using the strategies described in Table 3. We drew
imperfect population estimates, based on the true
population size, according to the reliability of the
chosen survey methods. We combined these esti-
mates using Bayes’ theorem, and the mean of the
posterior distribution is used as the best estimate of
current population size, N¯t. We next set the harvest
quota, using the harvest rule in equation 2), based
on N¯t. With the manager’s harvest decision made,
the moose population undergoes random growth
according to the population model and the harvest
quota is applied, generating a new actual moose
population size (see equation 1). The simulation
reverts back to the monitoring decision rule, where
survey, decision-making and population dynamics
are repeated for the duration of the run. As all the
runs are completed, we recorded a variety of statis-
Figure 2. Flow chart describing the process of simulating moose
monitoring and management.
Table 3. Description of the monitoring strategies used in the
simulation process.
No Strategy
1 No monitoring, with a harvest of 400 individuals taken
annually
2 Perfect knowledge of the February population size
3 An aerial survey is conducted each year
4 Pellet-group counts are conducted each year
5 Hunters’ observations are recorded each year
6 Pellet-group counts and hunters’ observations are
combined each year
7 An aerial survey is conducted every 4th year, with
pellet-group counts each other year
8 An aerial survey is conducted every 4th year, with
hunters’ observations each other year
9 An aerial survey is used in the first year; otherwise:
 If 950 , N¯t , 1050a,
then hunters’ observations are used
 If 850 , N¯ , 950a or
1050 , N¯t , 1150
a,
then pellet-group counts are used;
 If N¯t , 850a or
N¯t . 1150a, then aerial surveys are used.
10 An aerial survey is used in the first year; otherwise:
 If 300 , N¯t , 500a, 700 , N¯t , 900a or
1100 , N¯t , 1300a, an aerial survey is used;
 For all other N¯t, pellet-group counts are used.
11 An aerial survey is used in the first year; otherwise:
 If 350 , N¯t , 450a, 750 , N¯t , 850a, or
1150 , N¯t , 1250a, an aerial survey is used;
 For all other N¯at , pellet-group counts are used.
a Nt¼lkN¯t-1 -Ht-1 is the expected current population size, using the
mean annual growth rate, the expected population size in the
previous year, and the known harvest taken in the previous year.
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tics that indicate management performance (Table
4 and 5). Milner-Gulland et al. (2001) used a similar
strategy for testing the eﬀect of diﬀerent harvesting
strategies on saiga antelope Saiga tatarica.
Results
Maintaining acceptable population size
Subject to the harvest strategy (see equation 2) and
with perfect observation of the February popula-
tion size, themoose populationwas of an acceptable
size (800 , N , 1,200) on an average of 16.2 years
(6 2.6) out of 20 years (strategy 2; see Table 4).
Subject to the imperfect monitoring strategies, the
number of years in which themoose population was
of acceptable size varied from 9.6 to 15.2 years. The
strategies that best maintained the population at an
acceptable size were a combination of pellet-group
counts and hunters’ observations every year (i.e.
strategy 6), a state dependent survey combining
aerial surveys and pellet-group counts (strategy 10),
and annual aerial surveys (strategy 3; see Table 4).
These strategies kept the moose population within
the management goal of, on average, 14.4-15.2 out
of 20 years.
The mean proportion of time in which the moose
population was too small (N , 800) was always
longer than the proportion of time the moose
population was too large (N . 1200; see Table 4).
The improvement in substituting pellet count
(strategy 4) or hunters’ observation (strategy 5) with
aerial survey every fourth year was low (strategy 7
and 8). In both cases, the proportion of time that the
moose population was of acceptable size only
increased by 1% (compare strategy 4 to 7 and
strategy 5 to 8; see Table 4). However, the mean
annual cost increased signiﬁcantly: the diﬀerence
between strategies 4 and 7 (pellet count) was almost
4,700 E per annum, the diﬀerence between strategy
5 and 8 (hunter’s observation) was 6,300 E per
annum.
The proportion of time that the moose popula-
tion was of acceptable size tended to increase with
monitoring costs (strategies 3-11; Fig. 3A). An
annual combination of pellet group counts and
hunters’ observations (strategy 6) performed well
with respect to both cost and achieving an ap-
propriate remaining population size (see Fig. 3A).
By managing the moose population with a
constant harvest of 400moose (assuming a constant
deterministic population growth for the starting
population of 1,000, strategy 1; see Table 3) it took
on average 4.5 years before the moose population
was unacceptably small (N , 800) or large (N .
1,200; see Table 4). Furthermore, with a constant
Table 4. Management performance and cost for the monitoring strategies (see Table 2). Mean (in italics) and 2.5 and 97.5 percentiles are
shown in brackets.
Monitoring
strategy
Proportion of time
inside interval
Proportion of time
N , 800
Proportion of time
N . 1200
Annual
harvest
Within-run
S.D. (Harvest) Cost in E
1 0.18 (0, 0.5) 0.44 (0, 0.95) 0.38 (0, 0.95) 400 0 0
2 0.81 (0.55, 1.00) 0.11 (0, 0.4) 0.08 (0, 0.3) 394 89 0
3 0.72 (0.35, 0.95) 0.18 (0, 0.55) 0.10 (0, 0.45) 390 133 27000
4 0.69 (0.35, 0.95) 0.21 (0, 0.6) 0.10 (0, 0.4) 387 147 8400
5 0.66 (0.35, 0.95) 0.23 (0, 0.6) 0.11 (0, 0.4) 387 161 1600
6 0.76 (0.45, 1.00) 0.15 (0, 0.5) 0.08 (0, 0.35) 392 124 10000
7 0.70 (0.3, 0.95) 0.21 (0, 0.6) 0.09 (0, 0.4) 386 143 13100
8 0.67 (0.3, 0.9) 0.23 (0, 0.65) 0.10 (0, 0.4) 384 154 7900
9 0.70 (0.4, 0.95) 0.19 (0, 0.55) 0.10 (0, 0.4) 390 145 15100 (10500, 19000)
10 0.73 (0.35, 0.6) 0.18 (0, 0.6) 0.09 (0, 0.35) 388 137 19000 (15000, 22500)
11 0.71 (0.35, 0.95) 0.19 (0, 0.6) 0.10 (0, 0.35) 387 143 13900 (11200, 17800)
Table 5. Mean proportion (2.5, 97.5 percentiles) of time the
different monitoring methods were used in the state dependent
monitoring strategies (9-11).
Monitoring
strategy Aerial survey
Pellet-group
counts
Hunters’
observation
9 0.39 (0.20, 0.60) 0.43 (0.20, 0.65) 0.18 (0, 0.35)
10 0.56 (0.35, 0.75) 0.44 (0.25, 0.65) -
11 0.29 (0.15, 0.50) 0.71 (0.5, 0.85) -
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harvest, the moose population rarely returned to an
acceptable size and the proportion of time during
which the moose population was of acceptable size
was, therefore, also low; in average 3.6 out of 20
years (strategy 1; see Table 4).
Harvest
The mean annual harvest varied between 384 and
392moose across themonitoring strategies, which is
close to the maximum sustainable deterministic
harvest of 400 individuals assuming a ﬁxed popu-
lation size (1,000 post-harvest population size and k
¼ 1.40). The two best monitoring strategies with
respect to variation in annual harvest were com-
bined annual pellet counts and hunters’ observa-
tions (strategy 6) followed by annual aerial survey
(strategy 3; see Table 4). There tended to be a
negative relationship between variation in harvest
and monitoring cost (see Fig. 3B).
Discussion
The trade-oﬀ between the cost and accuracy of a
survey method is a general and important question
for a broad range of population management
practices. We have only recently begun exploring
this trade-oﬀ in conservation biology (Nalle et al.
2004, Polasky et al. 2008) and for harvested
populations (Gordon et al. 2004, Hauser et al. 2006).
Through our simulations, we found that better
management performance generally meant increas-
ing monitoring costs (see Fig. 3). However, our
results suggest that a combination of two relatively
inexpensive survey methods can substantially im-
prove the outcome of management at a relatively
low cost. For example, the combination of the
hunters’ observations and pellet-group counts every
year (strategy 6; 10,000E/annum) gave better
performance than annual aerial surveys (strategy
3; 27,000E/annum), incurring about one third of the
Figure 3. Relationships between the pro-
portion of time within the moose manage-
ment goal and the annual cost of monitoring
(A) and the year-to-year variation in moose
harvest and annual cost (B). The dashed line
indicates performance with perfect knowl-
edge of moose population after the hunting
season andbefore reproduction (i.e. Strategy
2).
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cost. In our simulations of moose management, we
found that by combining the hunters’ observations
with pellet-group counts, the proportion of years
with the preferred number of moose increased from
66 to 76% and the costs increased from 1,600E
(hunters’ observation) to 10,000E. The state-depen-
dent monitoring strategies (strategies 9-11; see
Table 3) did not diﬀer substantially from other
strategies with respect to any of the performance
measures. Restricting the states that triggered
expensivemonitoring decreased the cost signiﬁcant-
ly while maintaining almost equal performance
(compare strategies 10 and 11; see Table 4).
Even when we had perfect knowledge of the
moose population size in February, the moose
population sizewas outside the desirable range 19%
of the time. These failures occur because the
monitoring is conducted after the hunting season
but before reproduction. There is a considerable
variation in net growth (reproduction and summer
survival) between years and that may bring the
population outside the desirable limits. Therefore,
survey methods that could be conducted just before
the hunting season, e.g. distance sampling that
estimates density, recruitment (e.g. juveniles/fe-
male) and sex structure (Buckland et al. 2001) may
improve management performance in populations
even when there is considerable inter-annual vari-
ation in reproduction and survival. Also, the use of
the distance sampling technique in combination
with aerial countsmay in the future lower the cost of
aerial surveys (approximately 50% of the cost of
sample plot technique) without losing accuracy
according to preliminary studies (Ho¨rnell-Wille-
brand & Pehrson 2010). The expense of implement-
ing e.g. distance sampling should preferably be
weighed against the improved information that they
oﬀer in the future, as we have done for other survey
methods in this study.
In the simulations, the moose population was
more likely unacceptably small than being unac-
ceptably large (see Table 4). This is due to the
harvest strategy, where it takes longer to recover a
small population than to reduce a large population
until it is of an acceptable size.
Estimating abundance of wildlife populations
with acceptable accuracy is diﬃcult (Morellet et al.
2007). We rarely have true values or estimates from
’gold standard’ methods (e.g. capture-mark-recap-
ture; Buckland et al. 2001) to compare our density
estimates with. Thus, a wide range of indices of
wildlife population size and impact are commonly
used in wildlife management (Williams et al. 2001,
Morellet et al. 2007). However, indices need to be
converted into absolute numbers when manage-
ment (i.e. quotas) and performance are measured in
absolute numbers (e.g. minimum viable population
size for conservation and hunting quotas for har-
vested populations). This transformation may fol-
low a linear or non-linear relationship (Morellet et
al. 2007). In our study, we used linear relationships
between indices and population size supported by
data in a few restricted studies (see Appendix I).
However, such relationships probably vary due to
temporal and spatial scale (Ericsson&Wallin 1999)
and studied species (Thompson et al. 1998). There-
fore, it will be important to further study these
relationships and validate the models each time
they are used. Regardless of the survey method, all
estimates of population size are surroundedby some
level of uncertainty, and we have found that the
management performance might be increased by
utilising several low cost and high uncertainty
surveymethods.Morellet et al. (2007) similarly pro-
posed that multiple indicators and indices (not on-
ly for population abundance but also e.g. habitat
quality andbodymass) should be used to strengthen
the performance of management.
It is important to note that the quantitative
performance levels that we give here are related to
the modelled and simulated moose population and
not to the moose located in the actual study area.
The relationship between pellet-group counts and
population size has not been investigated thorough-
ly for the study area and the model used here;
similarly all statistical models are not perfect.
Extreme non-linearity in the relationship between
population indices and population size that were
not detected in our study could alter our ranking of
monitoring strategies if they were indeed present.
Furthermore, the annual population growth rate
was characterised by using two long-term studies
from Scandinavia. The population growth rates in
the two populations were similar to other popula-
tions in Scandinavia both regarding mean growth
rate and inter-annual variation in survival and
reproduction (Stubsjøen et al. 2000, Gaillard 2007).
However, lower population growth rates and inter-
annual variation has also been evident in other
moose populations (Sæther et al. 2007, Boertje et al.
2009). Thus, to improve moose management and
reduce the probability of getting populations of
’undesirable’ size, one has to develop monitoring
methods that capture inter-annual variation in
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growth rate and harvest strategies that are related to
the possibilities to detect these inter-annual varia-
tion. Very sophisticated harvest strategy will not
work with poor monitoring methods.
We have used a fairly simple population model
without density dependence and age and sex
structure. However, the mean and variance in
growth rate used to describe the changes in the
moose population were from two quite diﬀerent
areas in Scandinavia and neither population showed
any indication of a density-dependent growth rate
(Solberg & Sæther 1999, Ro¨nnega˚rd et al. 2008).
Therefore, we expect that the moose population
model is appropriate for Scandinavia and these
densities are well below the densities that might
trigger negative density dependence. The lack of age
and sex structure in the moose population might
aﬀect the relative performances of the monitoring
strategies. Including age and sex structure could
increase our ability to predict the annual variation in
reproduction within the wildlife populations. Thus,
direct observations (e.g. aerial counts, hunters’
observations and distance sampling) should perform
relatively better than pellet-group counts, if age and
sex structure information were included. Moreover,
the actual performance may be better than the
results that we recorded here, since management can
behave adaptively during a hunting season. For
example, harvest quotas within moose management
units are sometimes not fulﬁlled because the moose
hunters ﬁnd a divergence from the anticipated
conditions e.g. calf/cow index (J. Wikland, pers.
comm., O¨rebro county board) or it may be diﬃcult
for hunters to ﬁnd moose to harvest, if the real
numbers are low. Such circumstances would bring
further uncertainty to management. A more appro-
priately reactive harvest strategy could be developed
in concert with a sex and age-structured population
model, but would require a more elaborate model
linking of the hunters’ observations to actual
population size. However, our main aim was to
describe the relative performance of the diﬀerent
monitoring strategies and to relate them to the
monitoring costs. The harvest strategy and man-
agement goals were ﬁxed to simple rules that
broadly reﬂect current moose management. How-
ever, as shown here, there is scope for other studies
to explore diﬀerent population models, manage-
ment objectives and harvesting rules.
Wild large herbivores provide values and in-
comes, but also have a major impact on land use;
therefore, it could be costly to be above the limit
due to overbrowsing, but it could also be costly to
be below, as it takes more time to regain population
size and harvest quotas (Gordon et al. 2004,
Mysterud 2006). For moose, forest damage and
moose-vehicle collisions are the main costs whereas
the value of moose meat and moose hunting li-
censes are the main ﬁnancial beneﬁts (Mattsson
1990, Seiler 2003, Ingemarson et al. 2007). After
setting the management goals, the costs and
measurement errors associated with each survey
method should be included when deciding which
method should be used. The annual monitoring
costs in our study varied between 1,600 and
27,000E. As a comparison, the value of moose
hunting in Sweden was estimated at 140,000,000E
(Mattsson 1990, Mattsson et al. 2007a, 2007b), or
approximately 560,000E for 400 harvested moose.
The cost of forest damage, road safety and traﬃc
accidents caused by moose and roe deer Capreolus
capreolus has been estimated at 200,000,000E in
Sweden (Loman 2004, Ingemarson et al. 2007).
Even though these estimates are crude, they indicate
that the monitoring costs are small relative to the
other costs and beneﬁts of moose management.
Furthermore, underharvesting and overharvesting
might have diﬀerent implications for the society. It
is impossible to consistently maintain a point-value
target population size, even under perfect observa-
tions. Instead, we can deﬁne a range of population
sizes which are considered acceptable. Setting an
acceptable interval around this target should in-
corporate the costs and beneﬁts incurred by pop-
ulation management and fulﬁll the demands of all
relevant interest groups.
Management implications
Inwildlifemanagement,managers haveoften aimed
at using the best available monitoring method
without considering the monitoring costs and risk
of not achieving the management goals. The main
conclusion in our paper is that the combination of
two relatively cheap monitoring methods per-
formed as well as or even better than a single
accurate and expensive method. Thus, selecting
monitoring methods should include assessments of
the cost of the monitoring methods and the cost of
making bad management decisions.
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Appendices
Appendix I. Linear relationships and system-
atic sampling
Pellet-group counts
The existing literature suggests that there is a linear
relationship between pellet-group counts and other
independent population size estimates (moose;
Jordan et al. 1993, and deer and other ungulates;
Barnes 2001). Furthermore, according to data
collected by R. Bergstro¨m (pers. comm.), pellet-
group counts on six occasions in a 600 ha enclosure
with known moose population size (varied between
0.8 and 5.2 moose/km2) showed no diﬀerence in ﬁt
for linear or quadratic relationships (R2linear¼0.95,
R2quadratic ¼ 0.98 with intercept and R2 ¼ 0.99 for
both models without intercept).
Hunters’ observations
Using the raw data from Solberg & Sæther (1999),
we tested six diﬀerent models (one linear and ﬁve
non-linear) for the likely relationship between the
hunters’ observation and the moose population size.
A linear relationship between the hunters’ observa-
tions and the population size had an R2 of 0.58. The
quadratic relationship did not improve the ﬁt (R2¼
0.58). The relationship between log(hunters’ obser-
vations) and the log(population size) had the highest
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R2 and was 0.60. However, all models gave an esti-
mate of moose numbers varying between 500 and
1,300.
Systematic sampling
All three surveymethods that we studiedwere based
on systematic sampling. Systematic sampling gives
an unbiased mean but the variance should only be
treated as an approximation since it will only be
unbiased if the animals are randomly distributed
(Thompson et al. 1998).
Appendix II. The relationship between indices
and population size
We have assumed that each population index,
pellet-group counts and hunters’ observations, have
a linear relationship with population size in the
following way: I ¼ a þ b N þ e,where I is the
population index, N is the moose population size
within 1,000 km2, and e is the noise in the rela-
tionship, assumed to be normally distributed with
mean 0 and variancerI2. Therefore, the distribution
of the index I givenpopulation sizeNhas the normal
distribution:
fðIjNÞ ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr2I
p exp½- ðI-a-bNÞ
2
2r2I
:
This is the probability distribution used to simu-
late the observed index of population size, given the
true underlying moose population size.
When managers observe population size N, they
must construct a probability distribution for the
likely population size N, i.e. f(N j I). This distribu-
tion can be found by combining the relationship B
above with a prior distribution for population size.
This probability distribution indicates the manag-
er’s sense of likely population size prior to moni-
toring this year. We assume that the manager has a
normal prior distribution for population size N,
with mean lN and variance rN2:
fðNÞ ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr2N
p exp - ðN-lNÞ
2
2r2N
" #
:
Then the manager’s posterior belief regarding
population size can be obtained via Bayes’ theorem:
fðNjIÞ ¼ fðIjNÞfðNÞZ
N
fðIjNÞfðNÞdN
¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr2I
p exp - ðI-a-bNÞ
2
2r2I
" #
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr2N
p exp - ðN-lNÞ
2
2r2N
" #
Z ‘
-‘
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2p r 2I
p exp - ðI-a-bNÞ
2
2r2I
" #
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pr2N
p exp - ðN-lNÞ
2
2r2N
" #
dN
¼
1
2pr IrN
exp -
r2I þ r2Nb2
2r2I r
2
N
N-
r2NðI-aÞb þ r2I lN
r2I þ r2Nb2
 2
-
ðI-a-blNÞ2
r2I þ r2Nb2
( )
Z ‘
-‘
1
2pr IrN
exp -
r2I þ r2Nb2
2r2I r
2
N
N-
r2NðI-aÞb þ r2I lN
r2I þ r2Nb2
 2
-
ðI-a-blNÞ2
r2I þ r2Nb2
( )
dN
¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2p
r2I r
2
N
r2I þ r2Nb2
s exp - r
2
I þ r2Nb2
2r2I r
2
N
N-
r2NðI-aÞb þ r2I lN
r2I þ r2Nb2
 2( )
¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2p
ðr I=bÞ2r2N
ðr I=bÞ2 þ r2N
s exp - ðr I=bÞ
2 þ r2N
2ðr I=bÞ2r2N
N-
r2N
I-a
b
 
þ r I
b
 2
lN
ðr I=bÞ2 þ r2N
2
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3
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2
8
>><
>>:
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:
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So, the probability distribution of the plausible
population sizes N, given an observed index I, has a
normal distribution with mean
EðNjIÞ ¼ r
2
N
I-a
b
	 
þ rI
b
	 
2
lN
r2N þ rIb
	 
2
and variance
varðNjIÞ ¼ r
2
N
rI
b
	 
2
r2N þ rIb
	 
2 :
We assume that the manager’s prior information
on population size is limited (rN2 is large).
As rN ! ‘,
fðNjIÞ ! 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2p ðr I=bÞ2
q exp - ½N-ðI-aÞ=b
2
2ðr I=bÞ2
( )
;
which is a normal distribution with mean (I - a)/b
and standard deviation rI/b. We use this limiting
distribution in the absence of other prior informa-
tion. The parameters a, b, and rI are estimated
separately for pellet group counts and hunter ob-
servations, with their values given in Table 1.
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